Abstract-We report a semiconductor saturable absorber mirror Q-switched holmium (Ho 3+ )-doped ZrF 4 -BaF 2 -LaF 3 -AlF 3 -NaF fiber laser operating at ∼1190 nm in a linear cavity. Stable Q-switched operation was established at a threshold pump power of 92.8 mW with a repetition rate of 26.1 kHz and a pulsewidth of 4 µs. The repetition rate increased and the pulsewidth decreased with an increasing pump power. When the pump power was increased to 830 mW, 800-ns Q-switched pulses with a pulse energy of 0.18 µJ at a repetition rate of 170 kHz were generated.
I. INTRODUCTION
F IBER lasers in the 1.2 µm wavelength region have attracted much attention recently due to their various applications ranging from atmospheric oxygen sensing, photodynamic therapy and non-invasive medicine, to efficient pump sources for Tm 3+ lasers and yellow second harmonic generation (SHG) lasers used in laser guide-star systems, medical treatment, and spectroscopy [1] - [4] . Due to its small phonon energy and long radiative lifetimes, rare-earth-doped ZrF 4 -BaF 2 -LaF 3 -AlF 3 -NaF (ZBLAN) can support laser emissions at a number of wavelengths which are usually terminated in glass matrices with large phonon energies, such as silica and phosphate [5] . Ho 3+ -doped ZBLAN has been validated as a high efficiency gain medium for laser emission in the 1.2 µm wavelength region [5] - [8] . Highly Ho 3+ -doped ZBLAN fibers have been successfully used to develop a single Manuscript frequency distributed Bragg reflector (DBR) fiber laser with a spectral linewidth less than 100 kHz and a continuouswave short-length (10 cm) fiber laser with an output power of 2.5 W [6] , [7] . Moreover, Q-switched operation of a Ho 3+ -doped ZBLAN fiber laser was recently achieved with a fiber-optic graphene saturable absorber (G-SA) [9] . Graphene is a highly promising material for saturable absorber due to its unique optical and electronic properties including zero-bandgap energy band structure, ultra-broad absorption, ultrafast intra-and inter-band carrier excitation and relaxation [10] . G-SAs have been extensively used to achieve Q-switched and mode-locked laser sources at different wavelengths [11] - [15] . We have fabricated a fiber-optic G-SA by depositing graphene onto the flat surface of a sidepolished D-shaped fiber and used it to develop a Q-switched Ho 3+ -doped ZBLAN fiber laser in a ring fiber cavity [9] . However, the absorption and modulation depth of the fiberoptic G-SA is not easy to control during fabrication and thus the yield of graphene Q-switched Ho 3+ -doped fiber lasers is low. Compared to G-SAs, semiconductor saturable absorber mirror (SESAM) has advantages of high yield, high stability, convenient pulse self-starting, and high optical power handling. SESAM is a semiconductor Bragg reflector device incorporated with multiple quantum well saturable absorber [16] . SESAMs with expected absorption and modulation depth can be easily and precisely fabricated with recent mature semiconductor technology. SESAM has been broadly used to generate pulsed laser by passively Q-switching or mode-locking lasers with different platforms [17] - [19] . In this letter, we report a SESAM Q-switched Ho 3+ -doped ZBLAN fiber laser at 1190 nm in a linear cavity configuration. The stability of the Q-switched operation was improved with a signal to noise ratio (SNR) as high as 53 dB.
II. EXPERIMENT
The experimental setup of the SESAM Q-switched fiber laser is depicted in Fig. 1 . A piece of 10-cm long Ho 3+ -doped ZBLAN fiber was used as the gain medium because this laser has shown the highest efficiency with this fiber length [7] . The doping level of Ho 3+ ion in the fiber core is 3 mol.%, which corresponds to a core absorption coefficient of 3.7 dB/cm for this fiber. The core diameter of the fiber is 5.3 µm and the core numerical aperture (NA) is 0.14, which match well with those of Hi1060 fiber. Thus a Ho 3+ -doped ZBLAN fiber chain can be fabricated by splicing the gain fiber to two Hi1060 1041-1135 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. fibers at both ends with splice loss < 0.2 dB by using a Vytran GPX2000 splicer, which can achieve low-loss splice between two fibers made from different glass materials [20] . The propagation loss of this Ho 3+ -doped ZBLAN fiber was measured to be 0.24 dB/m by a cutback experiment using a white light source. A Raman fiber laser at 1150 nm was used as the pump source. A high reflection (> 99%) fiber Bragg grating (FBG, O/E Land Inc.) with a 3-dB bandwidth of 0.5 nm was used as the cavity mirror and spliced to the gain fiber chain. An 1150/1190 nm wavelength division multiplexer (WDM) was spliced to another end of the gain fiber chain and used to remove the residual 1150 nm pump laser. A 50/50 1×2 coupler was inserted inside the fiber cavity as an output coupler. A SESAM (BATOP, SAM-1150-28-1ps) with an absorbance of 6% and a modulation depth of 3.7% at 1190 nm was used as the Q-switcher and butt-coupled with the fiber end of the common port of the 1×2 coupler. The saturation fluence of the SESAM is 70 µJ/cm 2 and relaxation time constant is about 1 ps. An isolator was spliced to the output port of the 1×2 coupler to avoid any back reflections. The output spectrum of the fiber laser was measured with an optical spectrum analyzer (ANDO, AQ6317). The output average power was measured with a power meter (Thorlabs S401C). The pulse trains were measured with an InGaAs avalanche photodetector (Thorlabs APD 130C) and recorded with a 2.5-GHz oscilloscope (Tektronix DPO 7254). The radiofrequency (RF) spectrum of the passively Q-switched laser output was measured by connecting the photodetector to a spectrum analyzer (ADVANTEST, R3131A).
III. RESULTS AND DISCUSSION
Stable Q-switched operation of the Ho 3+ -doped ZBLAN fiber laser was established at a threshold of 92.8 mW pump power. The repetition rate was measured to be 21.6 kHz and the pulse width was 4 µs. When the pump power increased, the pulse duration reduced while the repetition rate increased correspondingly. The pulse width stopped decreasing when the pump power was above 450 mW, but the repetition rate increased until the pump power reached 830 mW. Stable Q-switched operation was observed at pump powers between 92.8 and 830 mW. When the pump power was above 830 mW, Q-switched operation became unstable. The pulse trains of the SESAM Q-switched Ho 3+ -doped ZBLAN fiber laser at pump powers of 92.8, 124, 240, 350 and 830 mW were recorded by oscilloscope and are shown in Figs. 2(a)-2(e) . The normalized pulse envelopes of the Q-switched laser at the corresponding five pump powers are plotted and shown in Fig. 2(f) . It is clear that sub-µs pulses were achieved for pump powers beyond 350 mW. The pulse width changed little as the pump power increased further since the energy of these sub-µs pulses is close to the bleaching energy of the SESAM.
Because the FBG used as the cavity mirror also served as a spectral filter, the spectrum of this laser did not change as the pump power increased. Fig. 3 shows the output spectrum of the fiber laser pumped at 450 mW. Its central wavelength is 1189.7 nm and 3-dB bandwidth is 0.22 nm. The spectral SNR of this laser is more than 35 dB.
The repetition rate and pulse duration of the Q-switched laser were measured at different pump powers and are shown in Fig. 4(a) . The repetition rate increased from 26.1 kHz to 170 kHz as the pump power increased from 92.8 mW to 830 mW. The pulse duration decreased from 4 µs to 0.8 µs with increased pump power. The output average power was measured and the pulse energy was calculated correspondingly and are shown in Fig. 4(b) . At the maximum pump power for stable Q-switched operation, the average output power is 31 mW and the pulse energy is calculated to be 0.18 µJ. The slope efficiency of this fiber laser is about 4.3%, which is much smaller than that of a continuous-wave laser [7] . This is mainly due to high cavity losses resulted from the free-space butt coupling of the SESAM, the insertion of the WDM and coupler inside the cavity, and the operation of the laser at low pump powers. However, the efficiency of this laser can still be increased by using a fiber-optic SESAM with further reduced coupling loss and reducing the insertion losses of the WDM and coupler. In our experiment, it was found that neither the pulse width nor the pulse energy changed as the pump power increased beyond 450 mW. This is because the pulse energy of 0.18 µJ is close to the bleaching energy of the SESAM in this case. The pulse energy of the Q-switched oscillator can be increased by using a collimating and focusing configuration with two lenses to increase the beam spot size at the SESAM or using a SESAM with much larger absorbance and modulation depth. Further energy scaling of the Q-switched pulses for practical applications can be achieved with a Ho 3+ -doped fiber amplifier.
Generally, the signal-to-noise ratio (SNR) of the radiofrequency (RF) spectrum of a Q -switched laser increases with the increased pump power as long as the Q-switched operation is stable. However, in the experiment of SESAM Q-switched Ho 3+ -doped ZBLAN fiber laser, we observed that the SNR of the RF spectrum didn't increase when the pump power was larger than 350 mW. The RF spectrum of the SESAM Q-switched fiber laser measured at a launched pump power of 350 mW is shown in Fig. 5 . The SNR of the RF spectrum is about 53 dB, which is much larger than that of the graphene Q-switched fiber laser [9] indicating improved stability of this laser by using SESAM as the saturable absorber.
IV. CONCLUSION
In conclusion, we have developed a pulsed Ho 3+ -doped ZBLAN fiber laser Q-switched by SESAM. Stable Q-switched pulses with a repetition rate of 170 kHz and pulse duration of 800 ns were obtained. Our experiment has demonstrated that SESAM is a reliable saturable absorber for passive Q-switching of fiber lasers in the 1.2 µm wavelength region. Q-switched pulses with much higher energy from a Ho 3+ -doped fiber laser can be achieved by using a SESAM with larger absorbance and modulation depth.
